The non-obese diabetic (NOD) mouse spontaneously develops autoimmune Type i (insulindependent) diabetes mellitus. NOD mice exhibit massive infiltrates of T cells and macrophages into pancreatic islets (insulitis) prior to diabetes. The contribution of oxygen free radicals to the development of insulitis in NOD mice was examined by administration of its scavengers, such as superoxide dismutase and catalase. Bovine superoxide dismutase and catalase were each coupled to polyethylene glycol. The treatment with superoxide dismutase-polyethylene glycol reduced the number of islets with insulitis and increased the undamaged islet tissue, as compared with the control group. The treatment with catalase-polyethylene glycol showed a similar tendency which did not reach significance. Using a flow cytometric assay of the oxidation of 2', 7'-dichlorofluorescein, the content of reactive oxygen intermediates in islet cells in the culture system was measured and the effect of peritoneal exudate cells and T cells on their production examined. Peritoneal exudate cells, but not T cells, from NOD mice increased the content of reactive oxygen intermediates in islet cells of either the NOD mouse or the ILI mouse (MHC-identical to NOD); the addition of snperoxide dismutase to the culture medium suppressed this increase in NOD or ILI islet cells. The present data support the concept that production of oxygen free radicals mediated by macrophages can damage islet beta cells, directly resulting in autoimmune Type i diabetes in NOD mice. [Diabetologia (1994) 37: 22-31] Key words NOD mice, insulitis, reactive oxygen intermediates, superoxide dismutase, peritoneal macrophages.
Summary
The non-obese diabetic (NOD) mouse spontaneously develops autoimmune Type i (insulindependent) diabetes mellitus. NOD mice exhibit massive infiltrates of T cells and macrophages into pancreatic islets (insulitis) prior to diabetes. The contribution of oxygen free radicals to the development of insulitis in NOD mice was examined by administration of its scavengers, such as superoxide dismutase and catalase. Bovine superoxide dismutase and catalase were each coupled to polyethylene glycol. The treatment with superoxide dismutase-polyethylene glycol reduced the number of islets with insulitis and increased the undamaged islet tissue, as compared with the control group. The treatment with catalase-polyethylene glycol showed a similar tendency which did not reach significance. Using a flow cytometric assay of the oxidation of 2', 7'-dichlorofluorescein, the content of reactive oxygen intermediates in islet cells in the culture system was measured and the effect of peritoneal exudate cells and T cells on their production examined. Peritoneal exudate cells, but not T cells, from NOD mice increased the content of reactive oxygen intermediates in islet cells of either the NOD mouse or the ILI mouse (MHC-identical to NOD); the addition of snperoxide dismutase to the culture medium suppressed this increase in NOD or ILI islet cells. The present data support the concept that production of oxygen free radicals mediated by macrophages can damage islet beta cells, directly resulting in autoimmune Type i diabetes in NOD mice. [Diabetologia (1994) 37 : 22-31] Key words NOD mice, insulitis, reactive oxygen intermediates, superoxide dismutase, peritoneal macrophages.
Lymphoid cell infiltration into pancreatic islets (insulitis) is a well-recognized feature of Type i (insulindependent) diabetes mellitus both in humans [1] and in rodents with spontaneous diabetes [2, 3] . The nonobese diabetic (NOD) mouse spontaneously develops an insulin-dependent diabetes. NOD mice exhibit massive infiltrates of lymphoid cells and macrophages into pancreatic islets (insulitis) prior to complete betacell destruction, and insulitis appears as early as 5 weeks of age. Makino and co-workers [4] have shown that T cells play an important role in the development of insulitis and diabetes in nude NOD mice. The major infiltrating cell populations in the insulitis lesion are CD4 § (L3T4, helper) and CD8 § (Ly2, cytotoxic/suppressor) T cells, and macrophages [5] . Splenocytes from diabetic NOD mice can transfer diabetes to irradiated non-diabetic young NOD mice [6] . Both CD4 ~ and CD8 + splenic T cells are required to transfer diabetes from diabetic NOD mice to irradiated nondiabetic NOD mice. In T-cell mediated immune processes, the immune responses to self-antigens are dependent on certain combinations of MHC and the Tcell receptor (TcR) Vfl family. Restricted TcR usage has been found in some T-cell dependent autoimmune disease, for example TcR Vfl 8 is preferentially used in experimental autoimmune encephalomyelitis [7] . Restriction of TcR usage in autoimmune diabetes has not been confirmed in the NOD mouse [8, 9] . However, T cells bearing TcR Vfl8 are the major population in the islet-infiltrating cells of diabetic NOD mice [5] . The precise mechanisms by which lymphocytes and macrophages damage islet beta cells remain unclear.
In chemically-induced diabetes, several mechanisms of islet beta-cell damage have been proposed. Streptozotocin and alloxan break nuclear DNA strands of islet beta cells by generating oxygen free radicals [10 , 11] . Streptozotocin and its nitrosoamide moiety methylnitrourea alkylate the DNA of beta cells and cause comparable amounts of DNA strand breakage [12, 13] . Streptozotocin alkylates not only DNA but also other key cellular components [14] . Poly (ADPribose) synthetase inhibitors such as nicotinamide and 3-aminobenzamide can scavenge oxygen free radicals in pancreatic beta cells produced by streptozotocin and alloxan in monolayer culture system [15] . Since nicotinamide and 3-aminobenzamide were also reported to prevent the development of spontaneous diabetes in the NOD mouse [16] , the same mechanism may be involved in islet beta-cell destruction of the NOD mouse as that in streptozotocin-and alloxan-induced diabetes. Macrophages [17] and probably T cells produce oxygen free radicals in inflammatory reactions. It is reasonable to hypothesize that oxygen free radicals produced by macrophages and T cells in the insulitis lesion may destroy islet beta cells leading to the development of diabetes in NOD mice [18, 19] and that oxygen free radical scavengers, such as superoxide dismutase (SOD) and catalase, may prevent the destruction of beta cells and ensuing diabetes. In this study, we have examined the effects of SOD and catalase on the development of insulitis, and splenic T-cell populations in NOD mice. In addition, the production of reactive oxygen intermediates in pancreatic islet cells induced by peritoneal exudate cells (rich in macrophages) and T cells from celiac lymph nodes of the NOD mouse in vitro was investigated.
Materials and methods

Animals
Non-obese diabetic (NOD) mice were originally obtained from the colony of Dr. S. Makino at the Aburahi Laboratories, Shionogi and Company, Ltd., (Shiga, Japan). NOD/Shi//Jos females develop diabetes at 92 % incidence and NOD males at less than 60 % incidence by 30 weeks of age. The Institute of Cancer Research-L-Ishibe (ILI) mouse, which is a sister strain of the NOD mouse and is MHC-identical to the NOD mouse, does not develop insulitis or diabetes [20] . Male and female NOD/Shi//Jos and ILI/Jic//Jos mice at 5 months of age were used as a source of pancreatic islet cells in this study. Diabetic NOD mice within 2 weeks after the onset of diabetes were used as a source of peritoneal exudate cells. For the assay of oxygen free radical production in islet cells by NOD peritoneal exudate cells, sex-matched animals were used. The NOD mice were given ad libitum commercial chow (Agway Prolab 3000 Formula; Agway, Syracuse, NY, USA), and water.
Treatment with superoxide dismutase-polyethylene glycol and catalase-p olyethylene glycol
Fifteen NOD female litter mates from three litters were divided into three groups at 10 weeks of age. Five female NOD mice in each group were injected (intraperitoneally, daily for 14 days) with either superoxide dismutase-polyethylene glycol (SOD-PEG, 225 U per day per mouse, 55 gg protein, source: bovine erythrocytes; Sigma, St. Louis, Mo, USA), catalase-PEG (2,310 U per day per mouse, 57 ~tg protein, source: bovine liver; Sigma), or the vehicle alone (PEG, 45 gg per day per mouse; Sigma). SOD-PEG, catalase-PEG and PEG were dissolved in phosphate-buffered saline (PBS; 137 mmol NaC1, 15 mmol Na2HPO4, 1.47 mmol KH2PO4, 2.68 mmol KCL), pH 7.3. For PEG alone 45 gg was an equivalent dose compared to the compound of SOD-PEG (225 U). The animals were killed at 12 weeks of age after collecting blood samples under ether anaesthesia. The pancreas and spleen were removed and subjected to histological and immunological examinations, respectively.
Assay of the activities of SOD and catalase in plasma
Blood samples (0.4-0.5 ml) were collected with a heparinized pasteur pipette from the retro-orbital venous plexus of the animals under ether anaesthesia. Each animal was assayed for SOD and catalase before and after the treatment. The activity of SOD in heparinized plasma was measured according to the method of McCord and Fridovich [21] . Plasma was diluted ten-fold with 0.9% NaC1 (in catalase-PEG and control group) or 100-fold (SOD-PEG group) and used for the SOD assay. The activity of catalase in plasma was assayed according to the method of Beers and Sizer [22] . One unit of catalase decomposed 1.0 gmol hydrogen peroxide per min at 25 ~
Point-counting morphometrics of the islets
The animals were killed under ether anaesthesia, and pancreases removed and weighed. For morphometric analysis it has been shown that there is usually more biological variation between animals than between sections if the tissue is either homogenous or consistently oriented in the same plane. The pancreases were oriented in the same plane and spread prior to fixation in Bouin's solution. With these procedures, a large cross-sectional area of pancreas was obtained and only one "level" or section per animal was required to have adequate number of intercepts (5000 points per animal). The tissues were embedded in paraffin, cut at 6 gm and stained with haematoxylin and eosin. Using one section per animal, all islets on each section were scored for insulitis; the number of islets per section ranged from 17 to 41. Two separate quantifications were performed to evaluate the protective effect of SOD and catalase on islet cell destruction. First, the number of islets with insulitis and the total number of islets were counted at 100 x magnification. The ratio of these values multiplied by 100 gave the percent islets with insulitis. Secondly, the islet portion without infiltrating immune cells was defined as the undamaged islet portion. The relative volume of undamaged islet portion was measured by pointcounting morphometrics [23] at 170 x magnification, covering the entire section with non-overlapping fields of a 50-point grid. The number of points counted per animal was approximately 5,000. The absolute mass of undamaged islet portion was then calculated by multiplying the relative volume by the pancreatic weight for each animal. Monoclonal antibodies used in studying TcRc~fl, TcR Vfl 8 and CD3 (6) were mAb H57-597 (hamster IgG) pan anti-mouse TcRc~fl [24] , mAb F23.1 (mouse IgG 2a) anti TcR Vfl 8.1, 2, 3 [25] , and mAb 145-2Cll hamster anti-mouse CD3 (6) [26] , respectively. Antisera used as controls were: normal hamster serum for mAb 57-597.2 and 145-2Cll, and purified mouse myeloma RPC 5.4 (IgG 2a, Organon Teknika) for mAb F23.1.
Antibodies
Splenic T cells
Spleens were dissected from the 12-week-old NOD mice after the 2-week administration of SOD-PEG, catalase-PEG and PEG, and dissociated by gentle passage through a wire screen. Lymphoid cells were separated from erythrocytes with Fico11-400 (Lympholyte-M; Cederlane, Province, Canada), and washed twice with RPMI-1640 medium containing 5 % fetal calf serum (FCS). B cells were stained directly with FITC-conjugated goat anti-mouse IgM. The lymphoid cell suspensions were applied to a nylon wool column (Wako Fine Chemical), and incubated at 37 ~ for 45 rain. T cells were then eluted with pre-warmed RPMI-1640 medium containing 5 % FCS. T cells were stained with FITC-conjugated mAb anti-mouse Thyl.2 before and after the purification on nylon wool column to determine the recovery and the purity of T cells (95 %).
The purified T cells were incubated with FITC-conjugated mAb anti-mouse Ly2 or phycoerythrin-conjugated mAb antimouse L3T4 on ice for 45 min, washed three times with medium RPMI-1640. 
Islet cell preparations
Islets were isolated from non-diabetic 16-week-old NOD or ILI males. NOD males were chosen because of the lesser degree of islet damage than in NOD females. Islets were also isolated from E Horio et al.: Reactive oxygen intermediates in autoimmune islet cell destruction ILI males. ILI mice were chosen because this strain is MHCidentical to the NOD mouse and develops neither insulitis nor diabetes. The animals were anaesthetized intraperitoneally with pentobarbital (Na Salt; 0.5-1.0 mg/mouse; Sigma). Collagenase Type IV (Organon Teknika) solution (4 ml of 2 mg/ml in Hank's balanced salt solution) was infused into the pancreatic duct after ligating the common bile duct at its entrance to the duodenum. The expanded pancreas was digested at 38~ for 30 min and islets were purified on Ficoll gradients (25, 23, 20 .5 and 11%) and centrifuged at room temperature ( x 800 g, 10 min). The islets were hand picked to avoid contamination by exocrine cells and connective tissues. To prepare single islet cells, isolated islets were washed with Ca-or Mg-free PBS and digested with trypsin solution for 2 min. After complete dissociation, the islet cells were washed twice with medium RPMI-1640 containing 5% FCS.
Peritoneal exudate cells
Peritoneal exudate cells were collected from non-diabetic 16-week-old NOD males in Experiment 1 and diabetic NOD females in Experiment 2 by lavage of the peritoneal cavity with RPMI-1640 medium containing 2 % FCS. The peritoneal exudate cells consisted of macrophages (60 %), T cells (7 %), B cells (6 %) and anti-asialo GM1 + cells (27 %) in non-diabetic NOD males and diabetic NOD females shortly after the onset of diabetes. Peritoneal T cells (PTc) were prepared by passing the peritoneal exudate cells through nylon wool columns (T-cell purity: 97%). The macrophage-enriched fraction (peritoneal macrophages, PM0) was recovered from the nylon wool (PMr purity: 75 %) and contained a very small number of T cells (less than 3 % ).
Celiac lymph node T cells
Lymphoid cells from the pancreas are mainly drained into the celiac lymph nodes and through the efferent lymphatic vessels leading to the cisterna chyli. Diabetic and non-diabetic NOD mice but not C57BL/6J, BALB/cJ and NON/Jos mice showed enlargement of the celiac lymph nodes with an increased number of T cells (unpublished observation). Injection of lymphocytes (2 • 107) from the enlarged celiac lymph nodes from diabetic NOD mice transferred diabetes into irradiated young NOD mice. As a source of T cells, celiac lymph nodes were dissected from non-diabetic 16-week-old NOD males or diabetic NOD females, and dissociated to yield single-cell suspensions. The cell suspensions contained T cells (70 %), B cells (26 %) and macrophages (6%) and T cells were purified by passing through a nylon wool column.
Measurement of reactive oxygen intermediates (hydrogen peroxide) in islet cells
Four experiments were designed to investigate the production of reactive oxygen intermediates in islet cells. Experiment 1 was designed to test the production of reactive oxygen intermediates in islet cells from male NOD or ILI mice with peritoneal exudate cells and T cells from non-diabetic NOD males. Islet cells isolated from either NOD males (culture A-E) or ILI males (culture F-J) were used for the measurement of reactive oxygen intermediates. Peritoneal exudate cells were prepared from the non-diabetic NOD male mice. Isolated islet cells (2 x 10 s cells), and peritoneal exudate cells were tested in the culture system. After overnight culture, the content of reactive oxygen intermediates (hydrogen peroxide) in islet cells was measured using the flow cytometric method of Bass and co-workers [27] . The 2', 7'-dichlorofluorescein diacetate (DCFH-DA; Eastman Kodak, Rochester, NY, USA) was added to the medium (final concentration, 50 gmol/1), and cells were then cultured for 20 min at 37 ~ DCFH incorporated into islet cells was oxidized rapidly to fluorescent form by intracellular hydrogen peroxide. SOD was added to culture E or J (final concentration, 13.4 U/ml) in combination with DCFH-DA. Then, the fluorescence of islet cells was determined on a flow cytometer (Cytofluorograph 50H; Ortho Diagnostic System Inc., Westwood, Mass., USA). Islet cells were separated from the co-culturing peritoneal exudate cells (PEC) by electric gating on a forward light scatter vs 90 ~ bit map (Fig. 1) . Experiment 2 was designed to test the production of reactive oxygen intermediates in islet cells from female ILI mice with peritoneal exudate cells and T cells from diabetic female NOD mice. Islets were isolated from non-diabetic 16-week-old ILI females. Peritoneal exudate cells and celiac lymph node cells were prepared from diabetic NOD females within 2 weeks after the onset of diabetes. The ILI islet cells were cultured with peritoneal exudate cells, peritoneal macrophages, peritoneal T cells or T cells of the celiac lymph nodes from the diabetic NOD females. The culture conditions were the same as in Experiment 1 except that the culture time of the islet cells with peritoneal exudate cells was reduced from overnight to 3 h. Reactive oxygen intermediate production in the islet ceils was measured in the same manner as in Experiment 1.
Experiment 3 was designed to test direct oxidation of 2', 7'-dichlorofluorescein (DCFH) in islet cells by hydrogen peroxide 
Statistical analysis
Statistical analysis was performed by the Mann-Whitney U test.
Results
Treatment with SOD-PEG or catalase-PEG
The 2-week treatment with SOD-PEG or catalase-PEG did not affect the growth nor cause signs of visible allergic reactions such as skin rash and anaphylaxis in the animals. The plasma activity of SOD in the SOD-PEG group increased more than 100-fold compared with that in the control group (Table 1) . The plasma activity of catalase in the catalase-PEG group increased four-fold compared to that in the control group.
The pancreases from the above three groups were subjected to morphometric analysis. The number of islets examined on each section is listed in Table 2 . There were no significant changes in the pancreatic weight among the SOD-PEG, catalase-PEG and PEG groups (213.9 + 8.0 mg, 204.5 + 8.8 mg, and 196.2 + 14.2 mg, respectively). The percentage of islets with insulitis was reduced in the SOD-PEG group to 50 % of the PEG group and in the catalase-PEG group to 60 % of the PEG group (Table 2) . With either SOD-PEG or catalase-PEG treatment, the absolute mass of undamaged islets was two times greater than that of the PEG group. Without administration of SOD-PEG, catalase-PEG or PEG, in 3-month-old female NOD mice (n = 6) the mean percentage of islets with insulitis was 51.2 + 9.1%, the relative volume of undamaged islets 0.45 + 0.10 %, and the absolute mass of undamaged is- Values are expressed as mean + SEM, Number in parentheses is the range. a p < 0.05, significant difference from the value of control (PEG alone) in each experiment by Mann-Whitney U test Values are expressed as mean _+ SEM ( x 10 _6 cells), n = 5 mice in each group. For T cells, monoclonal antibodies in parentheses lets 0.82 + 0.18 mg. The degree of islet damages in the untreated NOD females was similar to that in the PEGtreated NOD females at 3 months of age. The number of splenic B ceils and T-cell subsets was examined in the SOD-PEG, catalase-PEG and PEG animals ( Table 3 ). There were no changes in the number of B cells, T cells, CD4 ÷ T cells and CD8 ÷ T cells after the treatment with SOD-PEG or catalase-PEG, nor in the T-cell subsets bearing TcR~fl chains, and TcR Vfl8.1, 2, 3, as compared with those of the PEG alone control group.
Reactive oxygen intermediate production in islet cells
Experiment l: peritoneal exudate cells from nondiabetic NOD males. Histograms (expanded log scale-X axis) in Figure 2 show fluorescence distribution of DCFH oxidation in islet cells of the NOD mouse and the ILI mouse. Isolated islet ceils of the NOD mouse did not produce reactive oxygen intermediates ( Fig. 2A) . The T cells from celiac lymph nodes of the NOD mouse did not induce production of reactive oxygen intermediates in the NOD islet cells (Fig. 2B) . Peritoneal exudate cells of the NOD mouse resulted in the production of reactive oxygen intermediates in the NOD islet cells (Fig.2 C) . Combination of peritoneal exudate cells (4 x 105 cells) and T cells (4 x 105 cells) did not enhance and rather slightly suppressed the production of reactive oxygen intermediates in the NOD islet cells (Fig. 2 D) . Addition of SOD (13.4 U/ml) to peritoneal exudate cells + T cells partially inhibited the production of reactive oxygen intermediates in the NOD islet cells (Fig. 2E) . Nylon wool (and Sephadex G-10) purified T cells (purity: > 95%) isolated from the NOD peritoneal exudate cells failed to induce the production of reactive oxygen intermediates in the islet cells. Expanded log fluorescence intensity The ILI mouse is MHC-identical to the NOD mouse but does not develop insulitis or diabetes. Islet cells of the ILI mouse were tested for reactive oxygen intermediate production by peritoneal exudate cells of the NOD mouse 9 The results from the flow cytometric analysis of the ILI islet cells were similar to those of the NOD islet cells (Fig. 2F-J) . These results indicate that the peritoneal exudate cells (rich in macrophages) but not T cells may induce the production of reactive oxygen intermediates in islet cells of the NOD and ILI mice. This production of reactive oxygen intermediates was partially blocked by SOD.
Experiment2: peritoneal exudate cells from diabetic NOD females.
Reactive oxygenintermediateswere produced in islet cells from ILI females by peritoneal exudate cells from diabetic NOD females and the suppressive effect of SOD on the production of reactive oxygen intermediates is shown in Figure 3 . The islet cells Figure 4 . A doubled number of peritoneal exudate cells (10 x 105) slightly increased reactive oxygen intermediates in the islet cells. However, the production of reactive oxygen intermediates was suppressed by peritoneal exudate cells from SOD in both sets of samples.
Reactive oxygen intermediates were produced in islet cells from ILI females by macrophages but not T cells from diabetic NOD females (Fig.5) . Macrophages but not T cells from the diabetic NOD mice induced the production of reactive oxygen intermediates in the ILI islet cells. (z could produce reactive oxygen intermediates in ILI islet cells (Fig. 6) . 29 Pre-treatment with a single intravenous injection of SOD-PEG protects mice against alloxan-induced hyperglycaemia [28] . The treatment with desferrioxamine (inhibitor of hydroxyl radical formation from superoxide anion), nicotinamide, or a combination of desferrioxamine and nicotinamide prevents disease recurrence in diabetic NOD mice after the allograft of BALB/c islets [18] . Nomikos and co-workers [29] have recently reported that SOD and catalase are effective in preventing destruction of islet allografts of the BALB/c mouse in diabetic NOD mice, as measured by continuing ability of the graft to regulate blood glucose. In the present study, both SOD-PEG and catalase-PEG were effective in preventing islet destruction of the NOD mice. The markedly increased absolute mass of undamaged islet portion observed in the treated groups may be due to the prevention of further betacell destruction by the action of SOD and catalase. Meanwhile, SOD and catalase from different species did not cause any allergic reactions, islet beta-cell tumours, or change in body weight in NOD mice. PEG attachment to purified enzymes has been shown to prolong the biological half-life of the enzymes [30] . Therefore, we used SOD-PEG and catalase-PEG instead of SOD or catalase alone. Although PEG itself can suppress immune reactions [31] , a comparison of the data from the PEG-treated NOD mice with those from untreated NOD mice indicates that PEG alone had no protective effect on the islet in this study. The degree of islet damage in the untreated NOD females was similar to that in the PEG-treated NOD females at 3 months of age [32] . Therefore, the protection from islet-cell destruction observed in this study seems to be due to SOD and catalase themselves. During the present experiments with SOD-PEG, we had to evaluate its shortterm efficacy due to the high cost of SOD-PEG. A longterm (8 month) administration of SOD-PEG and catalase-PEG may be required to see whether the oxygen free radical scavengers coupled to PEG can prevent the development of diabetes in NOD mice.
Injection of splenocytes from diabetic NOD mice can transfer diabetes into irradiated young NOD mice [33] . Both CD4 + and CD8 § splenic T cells are required for the adoptive transfer of diabetes in NOD mice [6] . Restricted usage of TcR in autoimmune diabetes has not been found in the NOD mouse [8, 9] . However, T cells bearing TcR Vfl8 are the major population in the islet-infiltrating cells of diabetic NOD mice, and that removing a major TcR Vflfamily (Vfl 8) appears to influence disease progression [5] . In this study, the treatment with either SOD-PEG or catalase-PEG did not change the proportion of B cells, CD3 +, CD4 + and CD8 § T cells, T cells bearing TcR(xflchains, nor T cells bearing TcR Vfl 8.1,2, 3 in the spleen, as compared with those of the control group. Our data suggest that SOD-PEG and catalase-PEG do not exert the preventive el-fect on islet beta-cell destruction by changing the number of T cells. In our in vitro studies [34] , peritoneal exudate cells (rich in macrophages) or T-cell depleted peritoneal exudate cells (macrophage-enriched fraction) could induce production of reactive-oxygen intermediates in the islet cells. However, nylon wool purified peritoneal T cells or T cells from celiac lymph nodes failed to induce production of reactive oxygen intermediates in the islet cells. The effect of peritoneal exudate cells (PEC) appears to be greater than the additive effects of peritoneal macrophages (PMr and T cells (PTc) despite the increased number of macrophages in PMr fraction. This observation indicates that macrophages may require interaction with T cells for maximal production of reactive oxygen intermediates in islet cells. Furthermore, the production of reactive oxygen intermediates in the islet cells by peritoneal exudate cells was inhibited by SOD-PEG (oxygen free radical scavenger). These observations suggest that SOD-PEG suppressed the production of reactive oxygen intermediates in the islet cells induced by macrophages, and thereby prevented the islet beta-cell destruction in the NOD mice.
Recent studies [35] [36] [37] suggest that macrophages play an important role in the initiation of insulitis in NOD mice. We speculate that the role of T cells and macrophages in the development of insulitis is as follows: Initially, an antigen(s) on islet beta cells may be processed by macrophages and presented to CD4 § helper T cells in an MHC class II restricted manner [38] . Indeed, the production of reactive oxygen intermediates in the islet cells by NOD peritoneal exudate cells appears to be MHC class II I-A-restricted [39] . Production of reactive oxygen intermediates in the islet cells was completely blocked by mAb 40A reacting with NOD's MHC class II I-A [40] , but not by mAb 14-4-4S reacting with MHC class II I-E, mAb 31-3-4S reacting with MHC class I K d, or mAb 28-14-8S reacting with class I D b. After the antigen presentation by the macrophages, the CD4 § helper T cells may be activated by the antigen-presenting cells and secrete lymphokines such as interferon-7(INF-7) resulting in activation of macrophages [41] . Activated macrophages may produce and secrete cytokines, such as interleukin-1 (IL-1) [42] and tumour necrosis factor [43] , and simultaneously produce oxygen free radicals [11] . It was reported that IL-1 impaired the islet beta-cell activity in vitro [44, 45] , and that IL-1, tumour necrosis factor and INF-),have synergistically cytotoxic effects on islet cells in vitro [46] . In our flow cytometric analysis, recombinant murine IL-1 per se could induce production of reactive oxygen intermediates in the islet cells in vitro. Reactive oxygen intermediates produced either in the islet beta cells by interaction with the cytokines or directly by the activated macrophages could lead to beta-cell destruction.
The data in the present study suggest that in the prevention of islet beta-cell destruction of the NOD mouse SOD-PEG exerts its action/effect on peritoneal macrophages as effector cells rather than on T cells as antigen recognizing and helper cells. It remains unclear whether the peritoneal macrophages must be stimulated by T-cell derived cytokines to produce reactive oxygen intermediates, or whether the peritoneal macrophages stimulate islet beta cells to produce reactive oxygen intermediates. The present study supports the concept that oxygen free radicals, such as superoxide anion and hydrogen peroxide, damage islet beta cells resulting in the development of diabetes.
